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Emerging lineage-tracing data support the existence
of several pools of intestinal stem cells (ISCs) in the
adult mouse. The +4 location is known to harbor
proliferative cells undergoing robust apoptosis in
response to irradiation, but their relationship with
recently reported ISC models is unclear. Here, we
found that tamoxifen, at doses commonly used to
induce lineage tracing, mimics the irradiation-
induced apoptotic response of the +4 cells.We found
that about 40% of apoptotic cells were Lgr5-positive
whereas Bmi1-positive ISCs became sensitive to
tamoxifen upon entering a proliferative state. In
turn, when we suppressed apoptosis by either Bcl2
overexpression or Chk2 deletion, we found that
lineage tracing of Lgr5-positive cells was efficiently
reduced. In contrast, lineage tracing fromBmi1-posi-
tive ISCs was substantially increased in apoptosis-
deficient backgrounds. We propose that apoptosis
plays an important role in controlling lineage tracing
fromdifferent ISC populations in themouse intestine.Emerging lineage-tracing data have provided evidence of theexistence of several pools of adult stem cells in the mouse intes-
tine. The functional relationship between intestinal stem cell (ISC)
populations during homeostasis and regeneration and their
exact location within the crypt, however, continues to be highly
debated (Barker et al., 2012). The +4 radiosensitive stem cell
model based on lineage-tracking data, originally proposed by
Chris Potten (reviewed in Potten et al., 2009), defined ISCs as
fast-cycling radiosensitive cells most commonly found at
position +4 of the epithelial monolayer, counting from the crypt
base (Marshman et al., 2002). Several recent reports, however,
provided evidence for the existence of additional +4 ISCs that
are largely quiescent, radioresistant, and can be marked by the
expression of Bmi1, mTert, and Hopx (Montgomery et al.,
2011; Sangiorgi and Capecchi, 2008; Takeda et al., 2011).
Furthermore, the crypt base columnar (CBC) cell model, origi-
nally proposed by Cheng and Leblond, 1974, defines Lgr5-posi-
tive CBC cells located in between Paneth cells as rapidly prolif-
erating ISCs that can give rise to all the various cell types
comprising the small intestine (Barker et al., 2007).
The +4 location harbors cells undergoing robust apoptosis in
response to irradiation, but whether recently reported intestinal
stem cell markers are expressed in these cells or whether298 Cell Stem Cell 12, 298–303, March 7, 2013 ª2013 Elsevier Inc.apoptosis plays a role in genetic lineage tracing have not been
evaluated. A 1 cGy dose of ionizing irradiation (IR), which gener-
ates sufficient energy to induce only 0.36 double strand breaks in
cellular DNA (Bakkenist and Kastan, 2004), is sufficient to elimi-
nate all +4 radiosensitive cells (Potten et al., 1994), illustrating the
robust apoptosis these cells undergo in response to IR. Their
elimination subsequently triggers their replacement by neigh-
boring proliferative cells (Potten et al., 2009; Potten et al.,
1994). The high sensitivity of +4 cells to apoptosis stands in stark
contrast to the Lgr5-, Bmi1-, or mTert-positive ISC populations
which have a low sensitivity to IR (Hua et al., 2012; Montgomery
et al., 2011; Yan et al., 2012). As existing models of ISCs do not
provide any explanation for the role of radiosensitive +4 cells, we
decided to evaluate ISC populations on the basis of their sensi-
tivity to the activation of apoptosis.
Lgr5-positive CBC cells are predominantly located at the crypt
base, but approximately 10% of these cells are found at
position +4 (Barker et al., 2007) and might therefore constitute
the radiosensitive +4 population. To explore this possibility, we
irradiated mice carrying a gene for enhanced green fluorescent
protein (EGFP) knocked into the Lgr5 genomic locus (Barker
et al., 2007) with 1 cGy of IR, and analyzed apoptosis 6 hr later.
Because the integration cassette in this mouse model is epige-
netically silent in about 60%–70% of crypts (Barker et al.,
2007), we counted apoptosis only in GFP-positive crypts. We
found that 1 cGy induced a significant increase in terminal deox-
ynucleotidyl transferase dUTP nick end labeling (TUNEL)-posi-
tive cells around position +4 and that approximately 40% of
apoptotic cells were Lgr5-positive (Figure 1A), demonstrating
that the apoptotic subset comprises both Lgr5-positive and
Lgr5-negative cells.
Considering the high sensitivity of +4 cells to different types of
stress (Potten et al., 2009; Potten et al., 1994), we next explored
whether administration of tamoxifen (TAM), which is known to
induce apoptosis in other contexts (Mandlekar and Kong,
2001), would be sufficient to induce apoptosis in the mouse
intestinal crypt at doses commonly used in inducible lineage-
tracing experiments (Barker et al., 2007; Montgomery et al.,
2011; Sangiorgi and Capecchi, 2008; Takeda et al., 2011).
Removal of the stop cassette in front of a reporter gene, as
part of any genetic lineage-tracing protocol, has also been
demonstrated to induce a robust DNA-damage response (Zhu
et al., 2012). To comprehensively answer this question, we set
out to compare the apoptotic response 6 hr or 12 hr after TAM
induction in a model of inducible Cre expression driven by the
Lgr5 promoter (Lgr5-CreERT2 mice) (Barker et al., 2007). We
found a substantial increase in apoptosis of +4 cells 6 hr after
treatment of Lgr5-CreERT2 mice crossed on a Rosa26-LacZ
Figure 1. TAM-Induced Apoptosis Is Required for Efficient Lineage Tracing from Lgr5-Positive Cells
(A) Left, representative photographs of a TUNEL-positive, GFP-negative cell (top) and a TUNEL-negative, GFP-positive cell (bottom) after 1cGy of ionizing
radiation (IR). Right, relative percentage of apoptotic cells at different positions in crypt base, counted 6 hr after 1 cGy of IR. Analysis was carried out in Lgr5-
EGFP-IRES-CreERT2mice and only GFP-positive crypts were analyzed. GFP-positive, TUNEL-positive cells are shown in green, GFP-negative, TUNEL-positive
cells are shown in black. At least 300 GFP-positive crypts were counted for each sample.
(legend continued on next page)
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This apoptosis, however, fully subsided by 12 hr after injection
(Figure 1C). Importantly, the number of apoptotic cells was
comparable to a dose of IR (0.01-1Gy) (Figures S1C and S1E)
that eliminates all + 4 radiosensitive cells (Potten et al., 2009),
demonstrating the validity of TAM-induced apoptosis as an
approach to investigate the radiosensitive +4 population.
TAM-induced apoptosis was confirmed by in vivo fluores-
cence labeling, which is based on covalent modifications of
active caspases, thus suggesting that the apoptosis we
observed was caspase-dependent (Figure S1D). Analysis of
different active caspases revealed that TAM-induced apoptosis
was accompanied by the cleavage of caspase 7, caspase 9, and
poly (ADP-ribose) polymerase; but not caspase 3, caspase 6,
caspase 8, and caspase 12 (Figures 1F and S1G). Furthermore,
we used transmission electron microscopy to confirm that the
injection of TAM robustly induced apoptosis in the mouse small
intestine (Figure S1H). Importantly, the number of apoptotic cells
was similar between Lgr5-positive and Lgr5-negative crypts,
as well as between Lgr5-CreERT2, Lgr5-CreERT2 mice crossed
on a Rosa26-LacZ background, and wild-type (WT) mice
(Figures 1C and S1B), suggesting that TAM-induced apoptosis
is not the result of excision of the stop cassette in Lgr5/
Rosa26-LacZ-positive cells and affects both Lgr5-positive and
Lgr5-negative cells at equal rates regardless of genetic
background.
Previous studies showed that early proliferative progenitors in
close proximity to the +4 ISCs were able to efficiently replace
stem cells upon elimination (discussed in Potten et al., 2009).
Because CBCs are constitutively proliferative cells located in
close proximity to the +4 cells, they could potentially replace
a TAM-sensitive +4 cell after its death. In Lgr5-EGFP-IRES-
CreERT2 mice crossed on a Rosa26-LacZ background, this
replacement would result in the generation of LacZ-positive +4
ISCs, 60% of which would be Lgr5-negative, that could subse-
quently contribute to lineage tracing in the intestine. To block
this potential replacement of +4 ISCs by Lgr5-positive CBC cells,
we decided to suppress the apoptosis of the +4 cells using
a genetic approach. Therefore, we generated a transgenic(B) The relative percentage of apoptotic cells at different positions in crypt ba
GFP-positive, TUNEL-positive cells are shown in green, GFP-negative, TUNEL-po
for each sample.
(C) Mice of different genotypes were injected with TAM and apoptosis and analyz
Lgr5-CreERT2/R26-LacZ; (3) WT+TAM, 6 hr; (4) Lgr5-CreERT2+TAM, 6 hr; (5) L
Data are represented as mean ± SEM.
(D) Western blot analysis of Bcl2 in the crypts obtained from WT mice and Bcl2
(E) WT and Bcl2Tg mice were injected with TAM and apoptosis and analyzed 6
mean ± SEM.
(F) Injection performed similar to (E), but apoptosis was analyzed with the use of
(G) Left, a representative photograph of b-gal staining (blue) in the intestine o
TAM injection. Right, quantitative analysis of initiation of lineage tracing in Lgr
TAM injection. Data are represented as mean ± SEM.
(H) Analysis of tracing initiation in Lgr5-CreERT2/R26-confetti mice 24 hr after Ta
(I) Left, the whole-mount representative images of b-gal staining in the duodenum
injection (50 mg/kg). Right, quantification of the number of tracing events 30 d
represented as mean ± SEM.
(J) Quantification of the number of tracing events 30 days after TAM injection (200m
mean ± SEM. Note that the basal level of lineage tracing is higher in here than in (I)
0.05; **, p < 0.01; ***, p < 0.005.
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promoter that restricts expression to the intestinal epithelium.
In these mice, overexpression of Bcl2 (Figure 1D) efficiently sup-
pressed apoptosis induced by TAM (Figures 1E, 1F, and S1G).
The morphology of crypts and villi (Figure S2A) as well as the
proliferation of different cell types and cell migration (Figures
S2B–S2F) were comparable across genotypes, indicating that
the suppression of apoptosis did not perturb normal intestinal
homeostasis. Furthermore, Lgr5 expression examined by real-
time PCR (Figure S2G) as well as Lgr5 expression examined by
scoring the number of Lgr5-GFP-positive crypts (Figure S2H),
GFP-positive cells per crypt (Figure S2I), and the positions of
GFP-positive cells within the crypt base (Figure S2J) were
comparable between WT and villin-Bcl2 transgenic mice.
Next, we analyzed the initiation of lineage tracing. Analysis of
Lgr5/Rosa26-LacZ mice with and without expression of Bcl2 re-
vealed no difference in the number and position of LacZ-positive
cells 24 hr after injection of TAM (Figure 1G), confirming that
overexpression of Bcl2 does not affect the initiation of lineage
tracing. Using confetti reporter mice (Snippert et al., 2010)
crossed with Lgr5- EGFP-IRES-CreERT2 mice, we confirmed
that all tracing was initiated exclusively from Lgr5 (EGFP)-
positive CBC cells (Figure 1H).
Next, we carried out lineage tracing for 30 days after injecting
mice with TAM. Whole-mount analysis of the small intestines of
Lgr5/Rosa26-LacZmice revealed a dramatic drop in Lgr5-driven
lineage tracings in transgenic mice overexpressing Bcl2 (Fig-
ure 1I). Analysis of tracing events in coronal sections showed
that overexpression of Bcl2 resulted in at least a 60% reduction
in overall lineage tracing (Figure 1I). In an independent set of
experiments, we found that the deletion of the Chk2 kinase
also resulted in the efficient suppression of TAM-induced
apoptosis (Figure S1F) and reduced the number of tracing events
from Lgr5-positive cells (Figure 1J). Thus, our data indicate that
the death of TAM-sensitive cells is required for efficient lineage
tracing from Lgr5-positive cells.
Given that our results demonstrated that a significant fraction
of the +4 cells were radio- and TAM-sensitive but Lgr5-negative,
we went on to investigate their relationship with Bmi1-positivese was counted 6 hr after TAM injection in Lgr5-CreERT2/R26-LacZ mice.
sitive cells are shown in black. At least 300 GFP-positive crypts were counted
ed 6 hr or 12 hr later. The order of genotypes is as follows: (1) wild type (WT); (2)
gr5-CreERT2/R26-LacZ+TAM, 6 hr; (6) Lgr5-CreERT2/R26-LacZ+TAM, 12 hr.
transgenics.
hr later on the basis of scoring TUNEL-positive cells. Data are represented as
the active caspase 9 antibody. Data are represented as mean ± SEM.
f Lgr5-CreERT2/R26-LacZ mice counterstained with hematoxylin 24 hr after
5-CreERT2/R26-LacZ and Bcl2Tg/Lgr5-CreERT2/R26-LacZ mice 24 hr after
m injection. The RFP-positive cell is shown.
(enlarged) and the entire intestine of WT and Bcl2Tg mice 30 days after TAM
ays after TAM injection in the intestines of WT and Bcl2Tg mice. Data are
g/kg) in the intestines ofWT andChk2-deficientmice. Data are represented as
because of a higher concentration of TAM (200 mg/kg versus 50 mg/kg). *, p <
Figure 2. Suppression of Apoptosis Significantly Increases the Efficiency of Lineage Tracing from Bmi1-Positive ISCs
(A) Analysis of TAM-induced apoptosis in Bmi1-CreERT2/R26-YFPmice with no irradiation or 2 days and 5 days after 12 Gy of IR. We used12 Gy of IR to mobilize
Bmi1 ISCs to proliferate (Yan et al., 2012), and TAM was injected 6 hr before analysis for apoptosis. Data are represented as mean ± SEM.
(B) Analysis of proliferation of Bmi1-positive ISCswas carried out after a 2 hr pulse with EdU.Micewere either untreated (first column) or were irradiatedwith 12Gy
of IR (second and third columns) to mobilize ISC proliferation and injected with EdU 2 days later. Data are represented as mean ± SEM.
(C) Representative photographs of TUNEL-positive, YFP-positive cells in Bmi1-CreERT2/R26-YFP mice 5 days after 12 Gy of IR, as quantified in (A). Note
a significant expansion of the size of the crypt base typically observed after a high dose of IR in the lower panel images. This image is also presented with a lower
magnification than the upper panel.
(D) Left, the whole-mount representative images of b-gal staining in the duodenum (enlarged) and entire intestine of WT and Bcl2Tg Bmi1-CreERT2/R26-LacZ
mice 21 days after TAM injection (50 mg/kg). Right, quantification of the number of tracing events 21 days after TAM injection in the intestines of WT and Bcl2Tg
Bmi1-CreERT2/R26-LacZ mice. Data are represented as mean ± SEM.
(E) Staining performed as in (D), but tracing was analyzed after injecting mice with 200 mg/kg TAM. Data are represented as mean ± SEM.
(F) Quantification of the number of tracing events 21 days after TAM injection (200 mg/kg) in the intestines of WT and Chk2-deficient Bmi1-CreERT2/R26-LacZ
mice. Data are represented as mean ± SEM. *, p < 0.05; **, p < 0.01; ***, p < 0.005.
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mice and injected TAM to label Bmi1-positive cells with YFP,
because no fluorescent marker is integrated into the Bmi1 locus
in this mouse model (Sangiorgi and Capecchi, 2008). This
regimen induces apoptosis of the +4 cells; however, it subsides
by 12 hr postinjection (Figure 1C). To quantify the number of
Bmi1 (YFP)-positive cells sensitive to TAM, we injected mice
a second time 2 days after the initial injection of TAM and
analyzed apoptosis after 6 hr by scoring TUNEL-positive, Bmi1
(YFP)-positive relative to TUNEL-positive cells. We found that,
under homeostatic conditions, there is a little overlap (about
3%) of radio- and TAM-sensitive +4 and Bmi1-positive cells (Fig-Cure 2A, first column). As Bmi1-positive cells are quiescent for the
most part (Yan et al., 2012) (Figure 2B), we speculated that they
may become TAM-sensitive upon exiting quiescence and
entering a proliferative state. To investigate actively cycling
Bmi1-positive cells, we adopted a method involving a high
dose of IR, which kills proliferative progenitors that are subse-
quently repopulated through recruitment of quiescent Bmi1+
ISCs entering the cell cycle (Yan et al., 2012). We treated
Bmi1-CreERT2/Rosa26-YFP mice with 12 Gy of IR and injected
TAM into label Bmi1-positive cells with YFP 12 hr later. After
2 days, we injected the mice with EdU and confirmed that
Bmi1 (YFP)-positive cells were efficiently mobilized to proliferateell Stem Cell 12, 298–303, March 7, 2013 ª2013 Elsevier Inc. 301
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jected IR-treated Bmi1-CreERT2/Rosa26-YFP mice with TAM
and checked for overlap between TUNEL-negative and Bmi1/
YFP-positive cells 6 hr later. Quantification of TUNEL and YFP
colocalization revealed that nearly 35% of TUNEL-positive cells
were YFP-positive (Figure 2A), whereas all active caspase
9-positive cells were also positive for a proliferative marker,
PCNA (Figure S1I). These data suggest that Bmi1-positive
ISCs become TAM-sensitive upon entering a proliferative state.
Next, we asked whether the TAM-sensitive population also
contains immediate progenitors of Bmi1 ISCs. We mobilized
the Bmi1-positive cells (Figure 2B), injected a second dose of
TAM on day 5, and harvested samples 6 hr after injection. The
5 day window allows for Bmi1-positive ISCs to enter cell prolifer-
ation and to produce only a few progenitors on the basis of
average doubling time of 24 hr for radiosensitive +4 cells (Potten
et al., 2009). At this point, we still observed only a few YFP-posi-
tive cells (Figure 2C). Analysis of TUNEL-positive cells after TAM
injection, however, revealed that a significant fraction (>60%)
was YFP-positive (Figures 2A and 2C), suggesting that TAM-
sensitive cells consist of both proliferative Bmi1-positive ISCs
and their immediate progenitors.
As TAM-sensitive cells contain Bmi1-positive ISCs and their
immediate progenitors, we next checked whether suppression
of apoptosis would affect the overall tracing in Bmi1-CreERT2
mice. In addition to TAM-induced apoptosis, there is also a basal
level of apoptosis that primarily involves cells in position +4
(Demidov et al., 2007; Demidov et al., 2012) (Figures 1C, 1F,
and S1G); suppression of this subset could potentially increase
the efficiency of long-term lineage tracing from Bmi1 ISCs.
Therefore, we crossed Bmi1-CreERT2 with Rosa26-LacZ mice,
and subsequently with villin-Bcl2 transgenics, and analyzed
lineage tracing 21days after injection of TAM. Notably, we
observed a low level of tracing from Bmi1-positive cells when
mice were injected with standard doses of TAM (50 mg/kg; Fig-
ure 2D), and tracing events increased significantly when the dose
of TAM was increased 4-fold (Figure 2E). Most importantly, we
found that suppression of apoptosis significantly enhanced
lineage tracing in Bmi1-CreERT2 mice injected with both doses
of TAM (Figures 2D and 2E). Similar increases in the number of
tracing events in Bmi1-CreERT2 mice were observed on
a Chk2-deficient background (Figure 2F).
In the experimental models above, we found that lineage
tracing in the mouse intestine is largely dependent on TAM-
induced apoptosis of +4 cells. Under homeostatic conditions,
Bmi1-positive ISCs have a low rate of proliferation but are indis-
pensible for normal homeostasis (Sangiorgi and Capecchi, 2008;
Yan et al., 2012). In contrast, complete elimination of CBC cells
has virtually no impact on intestinal morphology (Tian et al.,
2011). Once a Bmi1 ISC enters cell cycle, the stem cell and its
immediate progenitor both become extremely sensitive to the
activation of apoptosis; a dose of IR as low as 1 cGy or a single
injection of TAM is sufficient to eliminate them both (Figures 1A,
1C, and S1A–S1H). Progression through this stage of high sensi-
tivity to apoptosis could be an important protective mechanism
against genetic damage and cancer initiation (Demidov et al.,
2007; Potten et al., 2009). Once these cells are eliminated, the
proliferative progenitors, which are located in close proximity
to radio- and TAM-sensitive +4 cells, will replace them and302 Cell Stem Cell 12, 298–303, March 7, 2013 ª2013 Elsevier Inc.assume their functions. Replacement of radio- and TAM-
sensitive +4 cells by neighboring cells, including CBCs, is most
likely the only mechanism to compensate for the loss of these
cells, because low doses of irradiation are not sufficient to mobi-
lize Bmi1-positive quiescent ISCs to proliferate (Montgomery
et al., 2011; Yan et al., 2012). In turn, the suppression of TAM-
induced apoptosis significantly reduces lineage tracing from
Lgr5-positive CBC cells, whereas lineage tracing increases
from Bmi1-positive ISCs. In conclusion, using Bmi1-CreERT2
and Lgr5-CreERT2 mice in apoptosis-deficient and apoptosis-
proficient backgrounds, we show that apoptosis and radio-
and TAM-sensitive +4 cells play an integral role in the intestinal
compartment and affect the outcome of lineage tracing from
different ISC populations.
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